The plt (pale tremor) mouse carries a null mutation in the Fig4(Sac3) gene that results in tremor, hypopigmentation, spongiform degeneration of the brain, and juvenile lethality. FIG4 is a ubiquitously expressed phosphatidylinositol 3,5-bisphosphate phosphatase that regulates intracellular vesicle trafficking along the endosomal-lysosomal pathway. In humans, the missense mutation FIG4 
Introduction
Proper myelination is required for rapid propagation of action potentials, axonal health, and fiber stability. The importance of myelination in the CNS is demonstrated by a number of hereditary leukodystrophies and multiple sclerosis and in the PNS by GuillainBarre and demyelinating forms of Charcot-Marie-Tooth disease (CMT) (Gold et al., 2000; Kaye, 2001; Dubourg et al., 2006) .
The pale tremor (plt) mouse exhibits many neurological deficits, including severe tremor, neurodegeneration, and defective myelination of the sciatic nerve (Chow et al., 2007) . The plt mouse is null for Fig4(Sac3) , an evolutionarily conserved phosphatase that regulates intracellular levels of the endolysosome-specific phosphoinositide PI(3,5)P 2 (Chow et al., 2007; Poccia and Larijani, 2009) 
. Fibroblasts from Fig4
Ϫ/Ϫ mice accumulate enlarged late endosomes and lysosomes that are reminiscent of the enlarged vacuoles in yeast deficient for Fig4p (Rudge et al., 2004; Chow et al., 2007) . In the forebrain of Fig4 Ϫ/Ϫ mice, autophagy intermediates accumulate in astrocytes and, to a lesser extent, in neurons, indicating that PI(3,5)P 2 is required for completion of basal autophagy (Ferguson et al., 2009) . PI(3,5)P 2 was shown recently to bind and activate the endolysosome-specific Ca 2ϩ release channel mucolipin (TRPML1) (Dong et al., 2010) . It was suggested that activation of TRPML1 by PI(3,5)P 2 could trigger membrane fusion events by regulating juxtaorganellar Ca 2ϩ concentration. FIG4 is part of a large protein complex that includes the PI(5) kinase FAB1 (PIKFyve/PIP5K3) and the scaffold protein VAC14 (ArPIKFyve) (Jin et al., 2008; Dove et al., 2009 ). Colocalization of FIG4 phosphatase and its antagonistically acting kinase FAB1 in the same protein complex is thought to facilitate rapid and local interconversion of PI(3) and PI(3,5)P 2 (Jin et al., 2008; Botelho, 2009) . Dynamic regulation of vesicular PI(3,5)P 2 levels is thought to permit precise regulation of vesicle trafficking (Di Paolo and De Camilli, 2006) .
Mutations of FIG4 and TRPML1 have been identified in patients with neurodegenerative diseases, including CMT and mucolipidosis type IV (Slaugenhaupt, 2002; Chow et al., 2007) . CMT4J is a rare, recessive disorder that accounts for ϳ0.2% of CMT (Nicholson et al., 2011) . CMT4J patients carry the FIG4 missense allele p.I41T in combination with a null allele (Chow et al., 2007) . The I41T mutation impairs interaction with the anchor protein VAC14, resulting in instability of the FIG4 protein . CMT4J patients lack upper motor signs and cognitive dysfunction Nicholson et al., 2011) , indicating that CNS function is essentially intact. This is in marked contrast to the spongiform degeneration in the brain of Fig4 Ϫ/Ϫ null mice (Chow et al., 2007) . Global overexpression of a FIG4
I41T transgene in null mice results in phenotypic rescue, demonstrating that the mutant protein retains functional activity in vivo .
Defects in PNS myelination have been reported for human CMT4J subjects and mice null for Fig4 (Chow et al., 2007; Zhang et al., 2008 I41T is protective of the defect in CNS myelination.
Materials and Methods
Mouse breeding, transgenic mice, and genotyping. All mice used in this study were housed and cared for in accordance with National Institutes of Health guidelines, and all research conducted was done with the approval of the University of Michigan and University of Rochester Committees on Use and Care of Animals. plt mice carry a spontaneous null mutation of Fig4 that originated on a mixed-strain background (Chow et al., 2007) and is maintained as a recombinant inbred line designated CB.plt that is now at generation N12 . To obtain homozygous plt mice of either sex, Fig4 heterozygous mice (Fig4 ϩ/Ϫ ) were crossed and genotyped as described previously (Chow et al., 2007) . The transgenic lines Tg705 and Tg721 express a mouse Fig4 I41T cDNA carrying the human pathogenic I41T missense mutation under the transcriptional control of the globally expressed chicken ␤-actin promoter . The two independent transgenic mouse lines, TgN1 and TgN3 (C.J.F., G.M.L., and M.H.M., unpublished observation) express full-length wild-type (WT) Fig4 cDNA under the transcriptional control of the 2.8 kb neuron-specific enolase (NSE) promoter derived from the rat Eno2 gene; this promoter has been widely used for neuron-specific transgene expression (Forss-Petter et al., 1990; Race et al., 1995; Kearney et al., 2001) .
Brain membrane and myelin preparation. Brains from postnatal day 21 (P21) Fig4 WT and mutant mice were dissected, and equal amounts of tissue (2.0 g) were homogenized in 10 ml of ice-cold low-sucrose buffer [0.25 M sucrose, 10 mM HEPES, pH 7.4, 3 mM DTT, 5 mM EDTA, and 200 l of tissue protease inhibitor mix (Sigma)] using a 15 ml Wheaton Dounce tissue homogenizer cooled on ice. The tissue homogenates were adjusted to 1.4 M sucrose by addition of ice-cold high-sucrose buffer (1.9 M sucrose, 10 mM HEPES, pH 7.4, 3 mM DTT, 5 mM EDTA, and 1:200 protease inhibitor mixture). In a 13 ml centrifuge tube, 7 ml of brain extract were underlaid with 5 ml of ice-cold high-sucrose buffer and spun for 1 h at 75,000 ϫ g (Sorval SW41 rotor). Total brain membranes enriched at the 0.25/1.4 M sucrose interphase were collected, diluted 1:10 in ice-cold 10 mM HEPES, pH7.4, homogenized on ice, and spun for 20 min at 75,000 ϫ g. The pellets were resuspended in 10 mM HEPES, the protein concentration was determined with the Pierce BCA kit, aliquoted, and frozen at Ϫ80°C. For the isolation of myelin, brain homogenates were fractioned as described previously (Robak et al., 2009) .
Western blot analysis. Proteins from total brain membranes and myelin fractions were separated by SDS-PAGE and transferred onto nitrocellulose membranes (GE Healthcare). An equal amount of protein (2 g) was loaded per lane. Membranes were blocked in 2% milk in Trisbuffered saline with 0.3% Triton X-100 for at least 1 h and incubated with primary antibody overnight at 4°C. Primary antibodies included mouse anti-␤III tubulin (1:1000; Promega), mouse anti-GFAP (1:5000; Sigma), rabbit anti-myelin-associated glycoprotein (MAG) (1:1000; custom made), rat anti-myelin basic protein (MBP) (1:500; Millipore), and rabbit anti-proteolipid protein (PLP) (1:5000; custom made). Primary antibodies were detected using horseradish peroxidase (HRP)-conjugated secondary antibodies (1:3000; Millipore Bioscience Research Reagents or GE Healthcare). Rabbit anti-MAG and rabbit anti-PLP polyclonal antibodies were generated by immunization of rabbits with either a 6-histidine-tagged fusion protein of the rat L-MAG cytoplasmic portion or cytoplasmic loop of rat PLP. Histidine-tagged fusion proteins were expressed in Escherichia coli using the pTrcHis expression system (Invitrogen), purified over an nickel-nitrilotriacetic acid column, and used for immunization (Venkatesh et al., 2005) .
Quantitative reverse transcription-PCR. Total RNA was isolated from fresh whole brain using the TriZOL (Invitrogen) reagent. RNA was quantified using the NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific). Five microgram aliquots of total RNA from P21 WT or Fig4 Ϫ/Ϫ mice were treated with amplification-grade DNase I (Invitrogen) and used in first-strand cDNA synthesis (Invitrogen) reaction using oligo-dT primers (Invitrogen). Gene expression was determined using predesigned TaqMan assays for MAG (assay identification number Mm00487538_m1), MBP (assay identification number Mm01262037_m1), PLP1 (assay identification number Mm00456892_m1), PDGFR␣ (assay identification number Mm00440701_m1), and NG2/CSPG4 (assay identification number Mm00507256_m1) using the Gene Expression Master Mix (Applied Biosystems). Fluorescence was measured on a Step-One Real-Time PCR System (Applied Biosystems) at the Microarray Core at the University of Michigan. The mean C T value for each gene was calculated from quadruplicate measurements of each sample. The mean value for each of the genes was normalized to the mean value obtained for the TATA box binding protein (TAT-bp) transcript (assay identification number Mm00446971_m1) assayed in the same experiment: ⌬C T ϭ C T (TAT-bp) Ϫ C T (gene). This normalized value (⌬C T ) is shown for each biological replicate.
Histochemical and morphometric procedures. Mice were deeply anesthetized with a mixture of ketamine and xylazine and transcardially perfused with 4% paraformaldehyde. Retina, optic nerve, sciatic nerve, brain, and spinal cord were dissected, postfixed in perfusion solution for 1-2 h, and cryoprotected in 30% sucrose.
For in situ hybridization with riboprobes specific for MAG and NG2 transcripts, neural tissues of perfused mice were embedded in OCT (Sakura Finetek), cryosectioned to 20 m, and mounted onto Superfrost Plus (Thermo Fisher Scientific) microscope slides. After postfixation in 4% paraformaldehyde solution for 20 min, sections were rinsed, treated with 50 g/ml proteinase K in PBS containing 5 mM EDTA, incubated with 0.25% acetic anhydride in 1% triethanolamine, and prehybridized for 2 h in hybridization solution (1ϫ Denhardt's solution, 100 g/ml yeast tRNA, 50% formamide, and 5ϫ SSC) at room temperature. For in situ hybridization, unfixed brain tissue of P21 Fig4
,TgN1 mice were cryosectioned at 25 m and mounted onto Superfrost Plus (Thermo Fisher Scientific) microscope slides. After postfixation in 4% paraformaldehyde solution for 20 min, sections were rinsed and incubated with 0.25% acetic anhydride in 1% triethanolamine and then prehybridized for 12 h at room temperature. A 2.3 kb fragment of the mouse Fig4 cDNA containing the entire coding region was cloned via HindIII into the pSP72 vector (Promega) in both 5Ј 3 3Ј and 3Ј 3 5Јorientations and linearized with Xba1. Sp6 -RNA polymerase was used to generate sense and antisense riboprobes as described previously (Giger et al., 1996) .
For double-immunofluorescence labeling, tissues were embedded in OCT and cryosectioned at 25 m for mounting on slides or 50 m for free-floating sections. Mounted sections of P7, P19, and P21 mice were blocked with PBS containing 5% horse serum and 0.3% Triton X-100 and incubated with mouse anti-MAG (1:1000; Millipore Bioscience Research Reagents), mouse CC1 (APC, 1:250; Calbiochem), rabbit antineurofilament-M (NF-M) (1:200; Millipore), rabbit anti-cleaved caspase-3 (1:250; Promega), rabbit anti-Olig2 (1:500; Millipore), mouse anti-p62 (1: 200, SQSTMI; Abrora), rabbit anti-GFAP (1:5000; Millipore Bioscience Research Reagents), and detected with Alexa Fluor-488-or Alexa Fluor-594-conjugated secondary antibody (1:3000; Millipore Bioscience Research Reagents or GE Healthcare). Some sections were counterstained with the nuclear dye Hoechst (1:30,000) for 5 min. Processing of free-floating brain sections (50 m) was performed as described previously (Giger et al., 2000) . Briefly, sections were quenched with 3% H 2 O 2 /24% DMSO/73% methanol for 4 h, rinsed, blocked with 10% fetal bovine serum, and incubated in rat anti-MBP (1: 500; Millipore). HRP-conjugated antibody (1: 1000; Millipore) was used to visualize bound anti-MBP. Stained sections were examined with an Olympus IX71 fluorescence microscope attached to a DP72 camera. For quantification of oligodendrocyte precursor cells (OPCs) per field of view (FOV), pictures of the corpus callosum (648 ϫ 864 m) were taken at P7, before the onset of myelination. The corpus callosum was identified as low-cell-density area after Hoechst nuclear staining with reagent 33342 (1:30,000). For analysis of nodes of Ranvier, optic nerves were cut into 10 m sections on a cryostat and mounted on chromalum-subbed microscope slides. These sections were permeabilized in 0.1 M phosphate buffer, pH 7.4, containing 0.3% Triton X-100 and 10% goat serum (PBTGS). Primary antibodies used were monoclonal anti-pan Na ϩ channels (Rasband et al., 1999) and polyclonal anti-Caspr (Peles et al., 1997) . Secondary antibodies were anti-rabbit or anti-mouse, conjugated to Alexa Fluor-488 or Cy3. All antibodies were diluted in PBTGS. These sections were examined on a Nikon Microphot fluorescence microscope and imaged with a Hamamatsu C4742-95 cooled CCD camera controlled by Image-Pro (Media Cybernetics). Images were analyzed by manually counting, tagging, and classifying node/paranode regions. Each FOV was 68 ϫ 55 m. Twenty-nine FOVs from two Electron microscopy. Mice at P10, P15, P21, P90, and P120 were deeply anesthetized with a mixture of ketamine and xylazine and perfused with 3% paraformaldehyde (Electron Microscopy Sciences) and 2.5% glutaraldehyde (Ted Pella) in 0.1 M Sorensen's buffer. Retina, optic nerve, sciatic nerve, brain, and spinal cord were dissected and postfixed at 4°C overnight in perfusion solution, incubated in OsO 4 (1% solution in 0.1 M Sorenson's buffer) for 1 h, and embedded in epoxy resin. For light microscopy, 0.5 m semithin sections were stained with toluidine blue. For transmission electron microscopy (TEM), ultrathin (75 nm) sections were cut at the University of Michigan Imaging Laboratory Core and visualized with a Philips CM-100 microscope. TEM images were analyzed at 10,500 -64,000ϫ magnification. NIH ImageJ software was used for quantification of fiber diameter, axon caliber, and percentage of axons myelinated in the optic nerve. To account for the oval shape of many axons in optic nerve cross-sections, diameters were measured twice per axon, once across the shorter distance and once across the longer. The mean of the two values obtained was used. To calculate g-ratios of myelinated axons, diameter of an axon in the optic nerve was determined and divided by the diameter of the same axon including the myelin sheath. A minimum of 300 axons was quantified for each developmental stage and genotype. The percentage of axons myelinated was assessed by counting the number of myelinated axons in a randomly selected FOV divided by the total number of axons in the same field. A total of at least 1500 axons was quantified per genotype at each developmental stage examined. For statistical analysis of the data, Student's t test in Microsoft Excel was used.
Optic nerve conduction recordings. Age-matched pairs of Fig4 WT and mutant mice at P22-P24 were killed by CO 2 inhalation. Both optic nerves from each animal were dissected and placed in oxygenated artificial CSF (ACSF). ACSF contained the following (mM): 125 NaCl, 1.25 NaH 2 PO 4 , 25 glucose, 25 NaHCO 3 , 2.5 CaCl 2 , 1.3 MgCl 2 , and 2.5 KCl (saturated with 95% O 2 /5% CO 2 ). Nerves were incubated in oxygenated ACSF for 45-60 min at room temperature and then transferred to a temperature-controlled recording chamber held at 37 Ϯ 0.4°C. Each end of the nerve was drawn into the tip of a suction pipette electrode. One electrode was connected to a constantcurrent stimulus isolation unit (WPI) driven by the computer and the other to one input of a differential alternating current amplifier of our own design. The other amplifier input was connected to a pipette that was placed near the recording pipette but not in contact with the nerve. This electrode served to subtract most of the stimulus artifact from the records. Signals were filtered at 10 kHz, sampled at 50 -100 kHz, and fed into a data acquisition system. For analysis, single peaks were fitted by a third-order polynomial, and the conduction velocity was taken as the length of the nerve divided by the time-to-peak. The multiple components from myelinated axons were fitted by the sum of three Gaussian curves (Chen et al., 2004 ). Velocities and amplitudes were then derived from the individual components.
The CABLE program (Hines, 1989; Hines and Shrager, 1991) , modified to include an independently specified extracellular layer surrounding each segment (Hines and Shrager, 1991) , was used to compute action potentials in model axons with 12 nodes and 11 internodes. Internodal lengths were taken from the data of Murray and Blakemore (1980) . Other computational model parameters were as described previously (Shrager, 1993) , except that for these mammalian axons the delayed rectifier K ϩ channels were juxtaparanodal.
Results

Reduction of CNS myelin in the plt mouse null for Fig4
To determine the effect of loss of Fig4 on myelination of CNS axons, brain and spinal cord of P21 WT (Fig4 ϩ/ϩ ) and plt Ϫ/Ϫ mice are greatly enlarged ( Fig. 1 A--BЈ) . In the cerebellum, myelinated fibers projecting into individual lobules show decreased MBP immunoreactivity ( Fig. 1C--DЈ) . Additionally, the thickness of the white matter is substantially reduced in the Fig4 Ϫ/Ϫ spinal cord ( Fig. 1 E, EЈ) . Axons of the corticospinal tract exhibit a particularly strong reduction in MBP immunoreactivity (Fig. 1 F, FЈ) .
Despite their reduced body size (Chow et al., 2007) , the wet weight of brain from controls (data not shown). In agreement with previous observations (Ferguson et al., 2009 ), GFAP, a marker for astrocytes in the more mature CNS, is elevated in Fig4 null brain, indicative of reactive gliosis. However, there is no apparent change in the neuronal marker class III ␤-tubulin at P21 (Fig.  1G) . Collectively, immunohistochemical and biochemical studies show that loss of Fig4 leads to a pronounced reduction in CNS myelin.
Normal number of axons in optic nerve of Fig4 null mice
Because of its easy accessibility and welldefined anatomy, the optic nerve was chosen for in-depth analysis of defects in CNS myelination. Because Fig4 Ϫ/Ϫ mice die between 1 and 2 months of age (Chow et al., 2007) , analysis of the retina and optic nerve was performed at P21, a late developmental stage when myelination of RGC axons is essentially complete (Fig. 2) . At 3 weeks of age, the optic nerve diameter of Fig4 Ϫ/Ϫ mutants (249 Ϯ 5 m, n ϭ 6) is 22% smaller than in Fig4 ϩ/ϩ (319 Ϯ 10, n ϭ 6) mice ( p Ͻ 0.05). To determine whether the reduced nerve size is a result of retinal defects, we examined retinae of Fig4 ϩ/ϩ and 
Fig4
Ϫ/Ϫ mice at P19 -P21. Toluidine blue staining revealed normal retinal stratification and proper development of the optic nerve head (Fig. 2 A, B) . The inner plexiform layer (IPL) of Fig4 Ϫ/Ϫ mutants contained vacuole-like structures reminiscent of those in deep layers of the neocortex reported previously (Chow et al., 2007) . The penetrance of this phenotype is 100%, but its expressivity varies greatly, ranging from few small (ϳ20 m) vacuoles in the IPL (Fig. 2 B) to numerous large (ϳ50 m) vacuoles (Fig. 2 D) . At P19, the number of TuJ1-positive RGCs is indistinguishable between the Fig4 ϩ/ϩ (27 Ϯ 5, n ϭ 3) and Fig4 Ϫ/Ϫ (30 Ϯ 4, n ϭ 3) mice per FOV (Fig. 2 E, F ) , and GFAP immunofluorescence appears not significantly altered (Fig.  2G,H ) . At P19, cell death in the RGC layer, as assessed by staining for activated caspase-3, was not elevated in Ϫ/Ϫ toward smaller calibers (Fig.  2 K) . This is most likely a reflection of the severe hypomyelination described below, because it has been shown that myelination increases the axon caliber (Yin et al., 1998) . Together, these studies show that the number of RGCs in Fig4 WT and mutant mice is comparable.
Loss of Fig4 causes severe hypomyelination of the optic nerve
Next, we examined whether a reduction in myelination contributes to the decreased optic nerve diameter in Fig4 Ϫ/Ϫ mice. As shown in Figure 3A -C, the fraction of myelinated axons in the optic nerve is reduced in a manner proportional to the Fig4 gene dosage (Fig. 3A-C) . In Fig4 ϩ/ϩ mice at P21, 94 Ϯ 2% of axons are myelinated. In Fig4 ϩ/Ϫ mice, 50 Ϯ 2% and, in Fig4 Ϫ/Ϫ mice, 27 Ϯ 2% of axons in the optic nerve are myelinated (Fig. 3F ) . Thus, loss of one or both copies of the Fig4 gene leads to a significant decrease in myelinated axons. The deficit in Fig4 ϩ/Ϫ heterozygotes is a developmental delay that is overcome by P90 (Fig. 3D) . This is the first demonstration of neural impairment in There is a striking axon size dependence in the myelin deficit of Fig4 mice. In Figure 3E , the percentage of myelinated axons is plotted as a function of axon diameter. In Fig4 ϩ/ϩ mice, virtually all optic nerve axons Ͼ0.4 m are myelinated at P21. However, in
Fig4
Ϫ/Ϫ mice, the majority of axons Ͻ0.6 m lack myelin entirely, and even some large-diameter axons (Ͼ1 m) are only To further analyze the myelination deficits in the optic nerve, we determined g-ratios (the ratio of the inner axonal diameter to the total fiber diameter) and myelin periodicity (the thickness of the myelin wraps). In 
Loss of Fig4 causes CNS dysmyelination
Hypomyelination of the optic nerve in Fig4 Ϫ/Ϫ mice could be caused by either loss of myelin sheaths of axons that were myelinated at an earlier time point (demyelination) or a developmental failure of axons to undergo myelination (dysmyelination). To distinguish between these, we analyzed the time course of optic nerve myelination. At P10, few myelinated axons are found in the optic nerve of Fig4 ϩ/ϩ (7 Ϯ 2%) and Fig4 Ϫ/Ϫ (2 Ϯ 1%) mice (Fig.  4) . Even at this early developmental stage, a significant reduction ( p ϭ 0.02) in the percentage of myelinated axons was noticed (Fig. 4 A, AЈ,D) . Although progressively more axons become myelinated at P15 and P21 in Fig4 WT and mutant mice, at each developmental stage, the proportion of myelinated axons in Fig4 Ϫ/Ϫ optic nerve is dramatically reduced (Fig. 4B--D (Fig. 4E ). This is likely a reflection of the preferential myelination of largecaliber axons in the mutant mice (Fig. 3E) . Moreover, g-ratios at P10 and P15 are similar for Fig4 WT and mutants but are increased in Fig4 Ϫ/Ϫ mice at P21 (Figs. 3G, 4F ). Based on these developmental studies, we conclude that, in Fig4 null mutants, a large proportion of axons fail to undergo myelination. Thus, the severe hypomyelination phenotype observed at P21 (Fig. 3) is primarily a reflection of axon dysmyelination rather than demyelination. A hallmark of remyelination is the presence of uniformly thin myelin sheaths associated with large-and small-caliber axons, coupled with the presence of myelin debris. We found neither of these signs of axon remyelination in the optic nerve of Fig4 Ϫ/Ϫ mice. Although remyelination is observed in the sciatic nerve of Fig4 Ϫ/Ϫ mice , it does not occur in the optic nerve. Collectively, our studies suggest that developmental failure to myelinate small-and intermediatesized axons is the primary reason for the Fig4 Ϫ/Ϫ CNS hypomyelination phenotype.
Abnormal nodes of Ranvier in Fig4
Ϫ/Ϫ optic nerve To examine whether loss of Fig4 influences nodal or paranodal organization, optic nerve sections were immunostained to localize pan Na ϩ channels and the paranodal axonal protein Caspr at nodes of Ranvier (Menegoz et al., 1997; Peles et al., 1997) . Figure  5A -F shows representative images. Figure 5 , A and B, is from a Fig4 ϩ/ϩ optic nerve and illustrates the largest and smallest myelinated fibers seen, respectively. In the latter, the diameter at the node is Յ0.5 m. Figure 5C -F are from Fig4 Ϫ/Ϫ nerves. In Figure  5C , the nodes within these large axons of Fig4 Ϫ/Ϫ mice appear normal. However, there were many heminodes with focal Na ϩ channel label in these sections (Fig. 5D) , indicating segmental absence of myelin. Because myelin debris was not seen, this is likely a developmental dysmyelination, not a demyelination. Furthermore, other abnormalities appeared. In Figure 5E , the paranodes are retracted, and Na ϩ channels now populate the much wider gap. In Figure 5F , there is a heminode in which Na ϩ channels again occupy a wide region, away from the original nodal gap. Additionally, small myelinated axons were observed much less frequently in Fig4 Ϫ/Ϫ mutants than in Fig4 ϩ/ϩ . These results are quantified in the bar graphs in Figure 5G -I. The number of nodes is reduced by 50% in mutant optic nerves (Fig. 5G) . In Figure 5H , the combined data for all myelin abnormalities seen in Figure 5D -F (heminodes, retracted paranodes, and broad Na The graph in Figure 5I plots (Fig. 6 A) , there was a complex first peak, usually with three components (labeled 1-3). Peaks 1-3 are not fully resolved in these short nerves, and a very small slow component (peak 4) is observed. Peaks 1-3 are likely obtained from myelinated axons and peak 4 from the small fraction of unmyelinated axons found in optic nerves at this age. In Fig4 Ϫ/Ϫ nerves, there was a corresponding fast signal, but peak 3 was very small or absent (Fig. 6 B) and the slow component was prominent, propagating at ϳ0.5 m/s, corresponding to peak 4 in Fig4 ϩ/ϩ optic nerve. The complex fast signal was analyzed by fitting the data to the sum of three Gaussians (Chen et al., 2004) . In (Fig. 6 A, B) . Absolute values of amplitudes have limited usefulness in extracellular recording, al- though ratios of peaks within records are highly informative. In Figure 6 F, we plotted the ratio of the amplitude of peak 4 to that of the overall 1-2-3 complex. The very large difference, combined with the results shown in Figure 3 , is consistent with the idea that small fibers that are myelinated in Fig4 ϩ/ϩ (peak 3) are unmyelinated in Fig4 Ϫ/Ϫ and appear now in peak 4. As an additional test of the relation between function and structure, we computed predicted action potential conduction based on g-ratios measured from electron micrographs (Hines and Shrager, 1991; Shrager, 1993) . For Fig4 Ϫ/Ϫ mice, we found significant deviations from the predicted linear relationship between conduction velocity and fiber diameter (Fig. 6G) . However, the measured velocity decrease in Fig4 Ϫ/Ϫ mice exceeded that predicted from the thinner myelin alone, and it is thus likely that the nodal abnormalities shown in Figure 5 also contribute to this functional deficit. Conduction is often blocked at heminodes (Shrager and Rubinstein, 1990) , and this is likely to be responsible for the large decrease in amplitude of the component of the CAP attributed to fast myelinated axons.
Markedly fewer myelinating OLs in Fig4 null mice
Thus far, our analysis of Fig4 mice revealed a profound CNS myelination defect that results in faulty nerve conduction. To assess the underlying cellular mechanisms, we assessed whether 
Fig4 dysmyelination is a reflection of a decreased number of myelinating OLs. P21 cross-sections and longitudinal sections of optic nerves of Fig4
ϩ/ϩ and Fig4 Ϫ/Ϫ mice were subjected to in situ hybridization with a riboprobe specific for MAG mRNA to visualize postmitotic myelinating OLs (Fig. 7A-BЈ (Fig. 7C) . The decrease in myelinating OLs fits nicely with the biochemical data showing a marked reduction of the myelin proteins MBP, PLP, and MAG in Fig4 Ϫ/Ϫ brain at P21 (Fig. 1G) . As in the optic nerve, the corpus callosum of 3-weekold Fig4 Ϫ/Ϫ mice contains significantly fewer MAG ϩ OLs compared with age-matched controls (data not shown). Consistent with a reduced number of myelinating OLs, qRT-PCR on Fig4 Ϫ/Ϫ brain RNA revealed a significant decrease in abundance of MAG, MBP, and PLP transcripts at P21 (Fig. 7D-F ) . In white matter, the transcription factor Olig2 predominantly labels nuclei in the OL lineage, including premyelinating and myelinating OLs (Dimou et al., 2008) . At P21, the optic nerve of Fig4
Ϫ/Ϫ mutant mice shows a 60 Ϯ 4% decrease in Olig2 ϩ cells (Fig.  7G,GЈ,I ). Together with the reduced MBP immunoreactivity in multiple brain regions and the spinal cord (Fig. 1 ), these data demonstrate that loss of Fig4 results in a significant reduction of myelinating OLs throughout the CNS.
Normal generation and distribution of OPCs in Fig4
Ϫ/Ϫ mice Failure in the OL lineage to produce sufficient numbers of myelinating MAG ϩ OLs may be a reflection of insufficient numbers of OPCs, impaired cell migration, arrest in OL maturation, or cell death (Barres and Raff, 1994; Bradl and Lassmann, 2010) . To examine these possibilities, OPCs were labeled at different developmental stages. At P21, in situ hybridization with a riboprobe specific for the OPC marker chondroitin sulfate proteoglycan NG2 did not reveal any reduction in NG2 ϩ cells in the optic nerve (Fig. 7 H, HЈ,K ) . To independently assess expression of early OL lineage markers, we performed qRT-PCR on total RNA isolated from P21 brain. Consistent with our histochemical experiments, transcripts for PDGFR␣ and NG2 in Fig4 WT and mutant brains are present at comparable levels ( Fig. 7 J, L) . Collectively, these data suggest that generation, migration, and viability of OPCs is essentially normal in Fig4 Ϫ/Ϫ mice.
Cell death in the OL lineage is not elevated in Fig4
Ϫ/Ϫ mice At P7 in the mouse, fibers in the brainstem, pons, and base of the cerebellum are immunopositive for MAG. At this age, MAG or MBP immunoreactivity in not yet detected in the corpus callo- sum, cerebellar lobules, or optic nerve, indicating that myelination in these structures has not yet started (Fig. 8 and data not  shown) . At P7, the base of the cerebellum harbors numerous MAG ϩ OLs that overlap with NF-M ϩ fibers (Fig. 8 A- 
AЉ). Littermate Fig4
Ϫ/Ϫ pups show very few MAG ϩ OLs at the base of the cerebellum (Fig. 8 B--BЉ) . The reduction in myelination in Fig4 Ϫ/Ϫ is likely not secondary to axonal loss, because NF-M staining was comparable between Fig4 WT and mutant pups (Fig.  8 AЈ,BЈ) . Before onset of CNS myelination, anti-Olig2 staining allows visualization of premyelinating OLs. At P7, the density of Olig2 ϩ cells in cerebellar lobules (Fig. 8C--DЉ) and the corpus callosum (Fig. 8G-HЉ Ϫ/Ϫ pups, indicating that premyelinating OLs are not reduced in number and show normal CNS distribution. Furthermore, cell death appears not to be substantially increased in the OL lineage. Anti-activated caspase-3 labels few cells in P7 brainstem sections independent of Fig4 genotype. To assess whether cell death in the OL lineage is increased in Fig4 Ϫ/Ϫ pups, P7 Fig4 ϩ/ϩ and Fig4 Ϫ/Ϫ brains were stained with anti-activated caspase-3 and CC1, an antibody that recognizes the cell body of postmitotic OLs. In mutant pups, the number of CC1-positive cells in the pons and brainstem is reduced by 46 Ϯ 9% (n ϭ 3). Double-immunofluorescence labeling revealed no overlap between CC1 and activated caspase-3-labeled cells in either genotype (Fig. 8 E-FЉ) . This suggests that, at P7, cell death of postmitotic OLs is not increased in Fig4 Ϫ/Ϫ mice (Fig. 8 E-FЉ) . p62/SQSTM1 binds polyubiquitinated protein substrates destined for autophagic degradation. We previously showed that p62 accumulates in astrocytes and to a lesser extent in neurons of Fig4 Ϫ/Ϫ brains, suggesting that autophagy is impaired in these cells (Ferguson et al., 2009 ). Here we expand on these observations by showing that p62 does not accumulate in Olig2 ϩ cells in the corpus callosum of P7 Fig4 Ϫ/Ϫ pups ( Fig. 8G-HЈ) . Together, these observations indicate that OPCs are present at normal numbers and distribution in ,TgN1 mice at P21 were subjected to in situ hybridization with an antisense riboprobe specific for Fig4 transcripts (Fig.  10) . In WT (Fig4 ϩ/ϩ ) mice, weak staining was observed throughout the brain, with somewhat stronger labeling in the caudate-putamen and principal neurons of the hippocampus (Fig. 10A and data 
not shown). No signal was detected in Fig4
Ϫ/Ϫ mice (Fig. 10C) . In Fig4 Ϫ/ Ϫ ,TgN1 mice, there was robust labeling of large cells in the neocortex and CA1 pyramidal neurons (Fig. 10B ) but few labeled cells in the corpus callosum (Fig. 10D,E) . To determine whether the labeled cells in the corpus collosum belong to the OL lineage, sections were double stained with anti-Olig2. Fewer than 5% of the Olig2 ϩ cells were also labeled with the Fig4 antisense riboprobe (Fig. 9D-EЉ) . Thus, expression of the transgene in OLs cannot account for the rescue of myelination described above.
Overexpression of the human variant FIG4
I41T rescues CNS hypomyelination of Fig4 ؊/؊ mice at P21 Unlike Fig4 null mice, CMT4J patients contain residual FIG4 activity from the I41T allele and are therefore less severely affected than the null mice . To study the func- tion of the human CMT4J mutation FIG4 I41T in CNS myelination in vivo, we examined optic nerve myelination in transgenic mice with ubiquitous, global expression of the I41T cDNA from the chicken ␤-actin promoter . Expression of this human pathogenic variant at two times the normal transcript level (line 705) or five times the normal transcript level (line 721) (corresponding to 4 or 10% of normal protein levels) rescued lethality, brain spongiform degeneration, and sciatic nerve myelination of Fig4 null mice . Ultrastructural analysis of P21 optic nerve from these two transgenic lines revealed dose-dependent rescue of the hypomyelination phenotype as well. As shown in Figure 11 (Fig. 11 A--E (Fig. 11 F) . Importantly, small-caliber axons that are dysmyelinated in Fig4 null mutants become myelinated in a Fig4   I41T dose-dependent manner (Fig. 11G) Ϫ/Ϫ background rescues defects in CNS myelination observed at P21 and may explain the lack of CNS abnormalities in CMT4J patients expressing this mutation.
Long-term effect of early dysmyelination in Fig4 null mice At P21, Fig4
Ϫ/Ϫ mice exhibit pronounced CNS dysmyelination (Fig. 3) . Because the null mice rarely survive beyond 6 weeks of age, it is not possible to test them for later completion of myelination, for example, at P90 when myelination in Fig4 ϩ/ϩ and Fig4 ϩ/Ϫ is complete (Fig. 3) . At P21, the severity of optic nerve dysmyeliation is comparable in Fig4 null mice and Fig4 Ϫ/Ϫ ,Tg705 transgenic mice (Fig. 11) . Because Fig4 Ϫ/Ϫ ,Tg705 transgenic mice do survive to P90, we were able to determine whether they could recover from the dysmyelination that was observed at P21. At P90, Fig4 Ϫ/Ϫ ,Tg705 mice continue to exhibit severe hypomyelination of the optic nerve, with only 44 Ϯ 2% of axons myelinated (Fig. 12) . The low expression of the I41T mutant protein in line 705 is thus insufficient for completion of myelination. We conclude that loss of Fig4 function does not simply result in a temporary delay of optic nerve myelination but is necessary for completion of myelination.
Discussion
We show that the PI(3,5)P 2 phosphatase Fig4 is essential for normal CNS myelination. Biochemical, ultrastructural, and electrophysiological studies in sion is sufficient to rescue the defects. In a transgenic mouse model mimicking the genotype of human CMT4J patients, we found that ubiquitous expression of the human disease allele Fig4  I41T can also rescue the CNS hypomyelination phenotype observed in Fig4 Ϫ/Ϫ mice. The CNS of CMT4J patients may be similarly protected by the FIG4 I41T allele. We conclude that proper regulation of neuronal PI(3,5)P 2 levels by mammalian Fig4 is necessary for OL maturation and normal CNS myelination.
Impaired propagation of action potentials in the Fig4
؊/؊ optic nerve Dysmyelination of the optic nerve in juvenile Fig4 Ϫ/Ϫ mice results in faulty nerve conduction. CAP recordings revealed many more slow conducting axons in mutant mice. The loss of the contribution from the smallest group of myelinated axons and the large increase in the signal from unmyelinated axons are both explained by the structural studies at the light and TEM levels. The percentage of thin myelinated axons (Յ0.5 m) that contribute to fast conducting axons (peak 3 in Fig. 6 A) is much decreased in Fig4 Ϫ/Ϫ mutants, and many more unmyelinated fibers are seen (peak 4 in Fig. 6 B) . Furthermore, the CAP signal that is derived from larger myelinated axons is smaller and slower in Fig4 Ϫ/Ϫ and may be a reflection of retracted paranodal myelin and segmental lack of myelin observed in a significant fraction of large-caliber axons. No signs of axon remyelination were observed in the optic nerve of Fig4 Ϫ/Ϫ mice. Collectively, these studies show that the structural defects observed at nodes and deficiency in optic nerve myelination in Fig4 Ϫ/Ϫ mice lead to greatly impaired nerve conduction.
Fig4 is not necessary for OPC development, migration, or viability Before myelination, OL progenitors undergo cell division, migration, and differentiation into premyelinating OLs. In the healthy CNS, the number of newly formed premyelinating OLs exceeds that required for normal myelination, and only OLs that establish contact with axons survive (Barres et al., 1992; Trapp et al., 1997 Ϫ/Ϫ CNS. As discussed below, the molecular mechanisms that initiate myelination in the CNS are complex and may depend on both positive signals Câmara et al., 2009; Emery et al., 2009 ) and release of inhibitory signals (Charles et al., 2000; Mi et al., 2005; Kremer et al., 2011; Mi et al., 2011) .
Neuronal expression of Fig4 is sufficient for proper CNS myelination
Fig4 is broadly expressed in the CNS and not limited to myelinating glia. The importance of Fig4 in non-myelinating cells is underscored by the brain pathology observed before onset of myelin development (Ferguson et al., 2009 How does neuronal Fig4 affect OPC differentiation and CNS myelination? One of the key functions of PI(3,5)P2 is in fragmentation/fission of endolysosomes into smaller compartments (Ho et al., 2011) . Endosome-lysosome membrane trafficking and autophagy are the cellular processes most affected by mutations in Fig4 (Chow et al., 2007; Ferguson et al., 2009 ). Impaired vesicular trafficking along the endo-lysosomal axis or impaired lysosomal function is emerging as a common underlying mechanism for a growing num- 
